Astroviruses infect humans and many different animal species and are associated with gastroenteritis. Recent studies first detected the virus from bat species in Hong Kong. To understand astrovirus distribution in the wider region further, we examined the prevalence of this virus family in bat specimens collected from a large geographical region of mainland China. We collected 500 anal swabs from 20 bat species in 51 natural habitats from 11 provinces of China and tested these for astroviruses. Our study revealed a remarkably high genetic diversity of astroviruses; five monophyletic groups were identified in bats, including two novel groups. Evidence for varying degrees of host restriction for astroviruses from bats has been found. Phylogenetic analyses also provided insight into the inter-species transmission of Mamastrovirus.
The family Astroviridae is a large family of positive-sense single-stranded RNA viruses that have been identified in humans as well as a variety of animal species (Méndez & Arias, 2007) . Genetic analysis of astrovirus sequences available from human, bat, cat, cheetah, mink, sheep, pig, chicken and turkey has classified the astroviridae into two genera that are found in avian and mammalian hosts, the genera Avastrovirus and Mamastrovirus, respectively (Strain et al., 2008; Chu et al., 2008) . Astroviruses cause diarrhoea in infants and young children, and in animals they are also found in association with gastroenteritis (Herrmann et al., 1991; Snodgrass & Gray, 1977; Shimizu et al., 1990; Reynolds & Saif, 1986) . However, the ecological interrelationship between human astrovirus and viruses from other species has not been established, despite the zoonotic origin of this pathogen.
To identify the natural reservoirs of the severe acute respiratory syndrome coronavirus, extensive surveillance has been conducted in wild animal populations, leading to the detection of diverse novel bat coronaviruses and providing insights into the ecology of coronaviruses (Guan et al., 2003; Tang et al., 2006; Vijaykrishna et al., 2007) . Further investigation showed that novel groups of astroviruses were also detected in apparently healthy insectivorous bats from Hong Kong (Chu et al., 2008) . The findings suggested that bats possessed a high prevalence rate and high genetic diversity of astroviruses (Chu et al., 2008) . Herein, we report the detection and genetic characterization of astroviruses from bats collected throughout China.
In this study, 500 anal swabs from 20 different species of bats in 51 natural habitats collected from 11 provinces of China from November 2004 to June 2007 were tested (Table 1) . Species identification of bats was conducted as described previously (Tang et al., 2006) . Swabs were taken and placed in transport medium with antibiotics, kept in liquid nitrogen for transportation to the laboratory and then stored at 280 u C.
Astrovirus detection and sequencing were carried out as previously described (Chu et al., 2008; Tang et al., 2006) . Briefly, viral RNA was extracted from 140 ml swab material using QIAamp viral RNA mini kit (Qiagen) and cDNA was generated using Superscript II reverse transcriptase (Invitrogen). The random hexamer-generated cDNA was screened for astrovirus using hemi-nested PCR targeting the most conserved region of the RNA-dependent RNA polymerase (RdRp) gene (Chu et al., 2008) . The RdRp fragments were sequenced and analysed to determine the diversity of the detected astroviruses and to select representative strains for extended ORF1b and ORF2 sequencing using gene-specific and oligo(dT) primers. Sequences derived from this study were deposited in GenBank with accession numbers FJ571065-FJ571140.
Sequences were assembled and edited with LASERGENE version 7.2 (DNASTAR) then aligned with previously published astrovirus sequences using TransAlign (Bininda-Emonds, 2005) with CLUSTAL W (Thompson et al., 1994) to conserve codon positions. Alignments were manually optimized wherever necessary using Se-Al, version 2.0 (http://evolve.zoo.ox.ac.uk/), and all ambiguously aligned regions were removed prior to phylogenetic analysis. The best-fit nucleotide substitution model was selected using the MODELTEST programme, version 3.7, and used in all subsequent analyses (Posada & Crandall, 1998) . Maximum-likelihood (ML) trees were constructed using GARLI, version 0.951 (Zwickl, 2006) , and Bayesian analysis was conducted with MrBayes, version 3.1.2 (Huelsenbeck & Ronquist, 2001) , using two replicates of 1610 6 generations with six chains, sampling every 100 generations. The convergence of chains and estimation of burn-in were assessed using TRACER, version 1.4 (http://beast.bio.ed.ac.uk/). Estimates of the phylogenies were calculated by performing 100 ML bootstrap replicates and Bayesian posterior probabilities were calculated from the consensus of 18 000 trees after excluding the first 2000 trees as burn-in and ensuring that a sufficient number of samples (effective sample size .500) were achieved for tree likelihoods, tree length and nucleotide base frequencies.
A total of 224 of 500 (44.8 %) samples were tested as positive in 32 of the 51 sites located in seven provinces (Table 1) , with no significant difference in detection between sites (Pearson's x 2 , P.0.05). Twelve of the 20 bat species from four families tested were found to harbour astrovirus with a significant difference in detection rates between bat species (Pearson's x 2 , P,0.001). The highest positive rates were observed in black-bearded tomb bat (Table 1) . As many astroviruses were identified in different bat species from different regions, the host name, geographical location, sampling number (including code for sampling site) and year have been included in the nomenclature of astroviruses characterized in this study to avoid confusion, e.g. Min. schreibersi astrovirus/Anhui/ A894/2005 is abbreviated to MsAstV/AH/A894/05.
Phylogenetic analysis of the RdRp gene sequences revealed that all bat astroviruses tested clustered with the genus Mamastrovirus (Fig. 1) . Within mamastrovirus, seven monophyletic groups could be identified. Group 1 mostly contained viruses isolated from humans and formed a sister-group to all other mammalian astroviruses (Fig. 1) . Astroviruses found in different species of bats showed high genetic diversity, as five of the six remaining groups consisted exclusively of viruses detected from bats. The one exception was group 4 which contained astrovirus from sheep and mink (Fig. 1) . Five groups of astroviruses showed varying degrees of host restriction within the bat populations sampled. For example, the divergent groups 3 and 6 contained viruses detected from just a single species, T. melanopogon. However, viruses from group 5 were detected from three species of the genus Miniopterus. In contrast, groups 2 and 7 showed relatively little host restriction and contained viruses detected from multiple bat families ( Fig. 1 and Table 1) .
Viruses belonging to groups 2, 3 and 6 were detected from black-bearded tomb bats sampled on a single day (8th June, 2007) in the Lian-Dong cave (Guangxi province) (Fig. 1) . This suggests that bat species host a larger genetic diversity of astroviruses than has been previously identified in other hosts. On the other hand, viruses detected from the same bat species sampled in different provinces still clustered within a host-specific group. For example, viruses detected in Miniopterus species from Anhui (MsAstV/AH/A894/05), Guangxi (MsAstV/GX/A629/05), Fujian (MsAstV/FJ/ A1196/06) and Hong Kong (Chu et al., 2008) all formed the monophyletic group 5 (Fig. 1) . The differences in viral genetic diversities in different bat species may be associated with the geographical distribution and migratory patterns of individual bat species.
Further phylogenetic analysis of the capsid protein gene (ORF2) sequence of representative viruses revealed three distinguishable virus lineages from mammalian hosts, including human/feline/porcine, 'bats-only' and one 'mixed' that contained viruses from both bats and other animals (Fig. 2) . The 'bats-only' virus lineage corresponds to groups 2, 5, 6 and 7 identified in the RdRp phylogeny (Figs 1 and 2) . The 'mixed' lineage contains a bat virus from group 3, plus the ovine and mink astroviruses in group 4, indicating possible interspecies transmission between these hosts ( Figs  1 and 2) . It was noted that two viruses from Felidae spp. fell within the human/porcine astrovirus lineage and that porcine astrovirus had a sister-group relationship to human and feline astroviruses, also reflecting potential interspecies transmission events (Fig. 2) . These phylogenetic relationships suggest the possible emergence and evolutionary pathways of the viruses detected from different hosts, even though it is not possible to determine donor/recipient relationships with the currently available data.
To evaluate whether the different gene phylogenies observed for RdRp and capsid protein gene segments were due to recombination, we sequenced the regions covering ORF1b and ORF2 genes of four representative bat astroviruses from groups 2, 3, 6 and 7 and compared these with data from GenBank. We tested for recombination in our data by identifying breakpoints using the genetic algorithm for recombination detection in the HYPHY program (Kosakovsky Pond et al., 2006) . Results of this analysis identified four breakpoints (nt 577, 724, 1511 and 2728) with statistical support for recombination. However, inspection of phylogenetic trees generated for each of the recombinant sections showed that the inter-host relationship of bat astroviruses with those isolated from other species was consistent. Furthermore, as each of these recombinant breakpoints were in highly divergent areas of the alignment, the differences in the phylogenies were therefore likely to be due to variation in the rates of substitution between astroviruses (Holmes & Rambaut, 2004; Moya et al., 2004) .
The findings of the present study revealed that the bat species tested had a remarkably high prevalence of genetically diverse astroviruses. Phylogenetic analysis demonstrated that bat astroviruses exhibit varying degrees of host restriction that have also been observed for bat coronaviruses (Tang et al., 2006) . Furthermore, these analyses imply that there is interspecies transmission between different mammalian hosts and suggest that bat species are a primary host of mamastrovirus.
